Biofortification is an agricultural strategy that aims to increase the content of select micronutrients, including zinc, in staple food crops such as rice, wheat, maize, pearl millet, and others. When consumed among zinc-deficient populations, zinc-biofortified staple foods should improve the adequacy of zinc intakes and hence reduce the risk of dietary zinc deficiency. Several conditioning factors will contribute to the potential for this strategy to meet its goal, including the additional amount of zinc that can be bred into the staple crop food, the amount of zinc that remains in the staple crop food following usual processing methods, and the bioavailability of zinc from the staple crop food in the context of the usual diet. Reduction of the phytate content of cereals with the use of agricultural techniques is a potential complementary strategy for improving the bioavailability of zinc. The feasibility of biofortification to result in a meaningful increase in the adequacy of population zinc intakes and to reduce the consequences of zinc deficiencies still needs to be determined through efficacy trials. At the program level, the ability to widely disseminate biofortified crop varieties and the willingness of farmers to adopt them will also affect the magnitude of the impact of this strategy.
Introduction
Biofortification is an intervention strategy under development with the goal of increasing the content of select micronutrients, including zinc, in the edible portion of staple food crops by agricultural, agronomic, or genetic means. When consumed, biofortified staple foods would lead to improved adequacy of zinc intakes and hence a reduced risk of dietary zinc deficiency, among those who currently have high rates of inadequate intakes. At present, the potential for biofortification with zinc, iron, and provitamin A carotenoids is primarily being evaluated or explored in some of the world's most important staple food crops for the poor, including rice, wheat, maize, cassava, beans, and sweet potatoes [1] .
Biofortification of staple food crops can be achieved through the following processes: conventional breeding, by selecting for genotypes with the highest micronutrient content observed for that crop; use of genetic modifications, such as gene insertions or induced mutations; and use of agronomic practices, such as application of zinc-containing fertilizer.
The focus of this strategy is to increase the adequacy of micronutrient intakes among rural, agriculturally based populations that already produce and consume the staple food vehicle. As is the case for universal staple food fortification, biofortification is intended to contribute to the prevention of micronutrient deficiencies, reaching all household members. Unlike traditional fortification, biofortification does not require that the food vehicle be centrally processed. Therefore, this strategy has the potential to fill the gap in coverage by fortification, as it can be more accessible to those who consume staple foods from local or self production. On the other hand, the time required to develop the biofortified crops and the available natural variation of certain micronutrients in different crops may not permit as great an increase in micronutrient content as fortification may be able to achieve, and greater effort would be required to add MMN through biofortification than is the case for fortification. Transgenic approaches for increasing micronutrient contents in staple crops may enable greater enhancements in the contents of several micronutrients, but there are many regulatory and safety issues that need to be addressed before that option can become widely available. Also, to reach a sufficient number of farmers, dissemination of planting materials for biofortified varieties will depend on the effectiveness of seed systems and agricultural extension activities, which in some countries are still rather limited.
Research and development activities for zinc-biofortified crops are ongoing, and conventionally bred crops may be available for testing and release as approved varieties within the next 5 years.
This paper is divided into four sections, which address the following sets of questions in relation to biofortification of staple food crops with zinc: Section 1: Can the achievable level of increased zinc content contribute to meeting zinc requirements, taking into account bioavailability, in a large proportion of the vulnerable population? Section 2: What are the major factors potentially modifying the impact of zinc-biofortified staple food crops? Section 3: Can biofortified staple foods improve population zinc status and associated health outcomes? Section 4: What are the risks of consuming zincbiofortified foods?
Section 1
Can the achievable level of increased zinc content contribute to meeting zinc requirements, taking into account bioavailability, in a large proportion of the vulnerable population?
Conclusions
Achievements in conventional breeding for zinc-rich staple food crops suggest that there is adequate breeding potential for several crops, including rice, maize, wheat, and pearl millet. If assumptions are met for daily intake of the staple food, bioavailability of zinc from the diet, and amount of zinc lost during processing and cooking, the additional amount of zinc achieved through biofortification in these crops would contribute approximately 40% of the absorbed zinc requirement for nonpregnant women and for children 4 to 6 years of age. Adoption rates or "coverage" of zinc-biofortified crops and their consumption by different age groups will need to be assessed in large-scale implementation trials but may be expected to range from 30% to 60% in Asia (e.g., rice and wheat) and from 20% to 40% in Africa (e.g., maize).
Detailed review of the evidence
To assess the feasibility of biofortification to result in a meaningful increase in the adequacy of population zinc intakes, there are three main issues that need to be considered: What are the levels of additional absorbed zinc intake that need to be achieved to contribute meaningfully to human zinc requirements? Can those levels be achieved through the possible biofortification processes? If minimum target levels for zinc contents of staple foods are achieved, will they reach the target population at risk?
What are the levels of additional absorbed zinc intake that need to be achieved to contribute meaningfully to zinc requirements? The amount of additional zinc in various food crops that will result in a biologically meaningful improvement in population zinc status needs to be established through research. The theoretical optimal amount of additional zinc to be added through biofortification would be calculated to cover the deficit between actual zinc intakes and the intake amount that would minimize the proportion of the population with inadequate zinc intakes. This is the approach that has been recommended for the design of universal food fortification programs [2] . However, because biofortified staple foods are still being developed and zinc content is being increased incrementally over time, there is presently less flexibility in catering to specific needs of populations than there may be with commercial food fortification. For this reason, minimum target levels have been set as preliminary goals for the first phase of development of biofortified staple foods. The proposed minimum target level for zinc has been set to provide an additional amount of bioavailable zinc in the food supply that is equivalent to ~40% of the physiological requirement for absorbed zinc for nonpregnant women and nonbreastfed children 4 to 6 years of age [3, 4] among populations with high intakes of the staple food of interest.
The latter target increment makes assumptions about the usual amount of staple food intake per day; the loss of zinc from the seed, root, or tuber during processing (e.g., milling) and cooking; and the bioavailability of zinc from the staple food in the context of the usual diet [3] . The specific assumptions used in setting these minimum, generic breeding targets for zinc contents in various crops are summarized in table 1.
For the appropriate development of biofortified staple foods, each of these assumptions will need to be verified and adjusted accordingly in populations targeted for biofortification. Dietary intake data from S174 C. Hotz a range of rural, low-income populations at risk for dietary zinc deficiency are lacking, so quantification of usual, individual intakes of zinc and of the targeted staple foods is required. The losses of zinc with cooking of staple foods is typically very low (e.g., 0% to 10%; [5] ), but losses with milling of grains at different extraction rates can be high (table 2) and must be quantified. Losses of phytate should be measured together with zinc losses, since both the total zinc content and the phytate:zinc molar ratio determine the amount of absorbable zinc [4] . The assumed 25% bioavailability of zinc is only an average figure, and since the target levels, and presumably the biological impact of dietary zinc interventions, will depend on the net amount of zinc absorbed, zinc absorption from biofortified crops should be measured directly. Zinc bioavailability is particularly important to confirm for children, since the absorption of zinc from different staple food-based diets has not frequently been quantified in children of different ages and it cannot be directly predicted from the equations derived from studies in adults [4, 6] . The potential modifying effects of milling in relation to zinc content and bioavailability are discussed in Section 2.
Another approach to assessing the adequacy of different increments in the zinc contents of staple foods is through modeling with dietary intake data. One such analysis was conducted with the use of dietary intake data from the National Nutrition Survey of Mexico of 1999 [7] and proposed zinc requirements [4] . The analysis examined the effect of increasing the content of zinc in maize from 18 to 33 µg/g dry weight on the adequacy of bioavailable zinc intakes. Bioavailability was estimated with the use of a prediction equation [4] , and the zinc content and phytate:zinc molar ratio of the diets and estimated absorbable zinc were compared with the age-specific physiological requirement for absorbed zinc to determine adequacy. At the level of maize consumption in the population, the model predicted a decrease in the prevalence of inadequate zinc intakes from 28% to 15% among rural preschool children and from 43% to 19% among rural women. With the use of this approach, appropriate target levels for a specific population could be determined by assessing the simulated impact of different levels of 
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Can those levels be achieved through the possible biofortification processes?
At present, it is estimated that the minimum target level for zinc in adapted varieties of rice, maize, wheat, and pearl millet is achievable through conventional breeding within the next 2 to 5 years [8] . For other crops, such as yams and cassava, sufficiently high levels of zinc content may not be achievable through conventional breeding in a measurable time frame because of limited natural genetic variation in zinc content. For some crops, such as beans and potatoes, adequately increased zinc content may be achievable, but the time frame for doing so cannot yet be estimated.
Although proof-of-concept has been achieved for genetic modification to synthesize β-carotene and increase iron content through synthesis of ferritin protein, the use of biotechnology to increase the zinc content of staple foods is still at an exploratory stage [9] . Research is still required to identify genes involved with the plants' uptake and translocation of zinc and its deposition into the edible portion of the grain, root, or tuber. Information is accumulating on zinc transporters and how they function in different plant tissues throughout their development [10, 11] .
Some progress has been made with the use of biotechnology that may affect zinc nutrition indirectly by improving its bioavailability. Staple food crops, such as maize, have been modified by mutagenesis to achieve a reduced grain content of phytic acid [12] . Progress has also been made with the use of transgenic approaches to express heat-stable phytase from microbial sources in the endosperm of wheat [13] . Although plenty of evidence exists to indicate that reduced phytate intakes relative to zinc intakes result in increased efficiency of absorption of zinc [4, 14] , Mazariegos and colleagues [15] recently concluded that zinc absorption was not significantly greater among children consuming a diet based on a low-phytate maize mutant (~60% reduction) than among children consuming an isogenic wildtype maize, possibly because of greater than expected variation in total phytate intakes, inadequate statistical power, and differences in the total zinc content of the diet, which independently affects the fractional absorption of dietary zinc. There is as yet no clear evidence available from controlled trials for the benefits to zinc status from long-term intake of diets in which only the phytate content is reduced.
Zinc-containing fertilizers for wheat production in areas with zinc-deficient soils, such as Turkey, are already in use as a means of improving crop yields [16] . The application of zinc in soil fertilizers or foliar sprays can, in some situations, also result in increased zinc content of the grain. For example, the grain zinc concentrations of bread wheat, durum wheat, triticale, and barley were found to increase by 39% to 77% with soil zinc application in either rain-fed or irrigated fields [17] , and the concentration of zinc in rice paddies increased up to 2.3-fold with soil zinc application in Pakistan [18] . In Bangladesh, foliar fertilization with zinc resulted in grain zinc content that was 2.6 times greater in rice and 2 times greater in wheat than in controls [19] . Further, these increments were estimated to result in a doubling of the total zinc intake of Bangladeshi children. Assuming a 43% increase in the zinc content of milled rice due to soil zinc application, Gibson and colleagues recently estimated that the total zinc intake of Thai schoolchildren at high risk for zinc deficiency would be nearly doubled from 4.8 to 8.6 mg/ day with treatment, on the basis of their usual intakes of rice and zinc [20] . However, variation in grain zinc concentration in response to zinc fertilizer application will occur with different crops, genotypes of the same crop, and environmental conditions [16] , so the benefits of these techniques for human zinc nutrition cannot be extrapolated to all situations.
If minimum target levels for zinc contents of staple foods are achieved, will they reach the target population at risk?
To reach large segments of populations vulnerable to zinc deficiency, biofortified staple food crops must be adopted by farmers for regular production and by consumers for regular consumption. This requires several conditioning factors. First, the strategy must tap into available mechanisms for disseminating new seed or planting materials to farmers, such as through public extension systems, private seed companies, or nonprofit or nongovernmental organizations involved in rural extension. Adoption of the seed will require that the biofortified varieties have acceptable traits, such as adequate (if not improved) yield, pest and disease resistance, and preferred physical and organoleptic properties. If these latter conditions are met, adoption of zinc-biofortified staple foods should not require a strong behavior change component. In general, it is reasonable to expect that these latter conditions are or will be met for zinc-biofortified crops [21] .
Adoption rates for new crop varieties can vary widely by region; for example, conservative estimates of adoption rates of 30% to 60% have been assumed for Asia, where seed systems are better developed, and 20% to 40% for Africa, where seed systems are less well developed [22] . Where adoption rates are typically lower, additional investment in interventions through nutrition education, farmer education, and seed systems support may be required to assure adequate coverage in a reasonable length of time. Coverage for zinc-biofortified staple food crops will need to be determined through the evaluation of large-scale interventions to determine the percentage of the population that produces or purchases biofortified foods, the percentage S176 C. Hotz of production represented by the biofortified variety, and, ultimately, the amount of biofortified varieties consumed by the target population that is at risk for zinc deficiency. A pilot intervention to introduce β-carotene-rich sweet potato in Mozambique as a biofortified staple crop included an assessment capturing many of these elements [23] . Similar research on a larger scale will need to be carried out for zincbiofortified crops in a variety of settings; the potential coverage and impact may only be known in the next 5 to 10 years.
Section 2
What are the major factors potentially modifying the impact of zinc-biofortified staple food crops?
Conclusions
The effects of milling degree on the potential usefulness of zinc biofortification in grains require further study. Quantification of the zinc and phytate contents of whole and refined biofortified grain products and the absorption of zinc from them should be measured in human studies. It is possible that loss of zinc with milling may be offset by the parallel loss of phytate and a commensurate increase in zinc bioavailability. Nonetheless, maximum benefits of biofortification may be observed if more of the additional grain zinc can be deposited into the starchy endosperm. Another possible strategy for positively affecting the impact of zinc biofortification is a concomitant decrease in phytate content. Some experience with low-phytate mutant cereal crops suggests that it is possible to decrease grain phytate content substantially, but the agronomic viability of these mutants and the impact on zinc status after long-term consumption still require assessment. The potential impact of host or environmental factors affecting intestinal health and either zinc absorption or intestinal losses of endogenous zinc needs to be quantified. If these conditions are highly prevalent in populations that could benefit from biofortification, the additional amount of zinc achieved through biofortification may need to be higher, or the impact of zinc-biofortified foods may be conditional on their treatment or prevention.
Detailed review of the evidence
In cereal grains, rather large concentrations of zinc typically occur in the outer layers (e.g., aleurone) and the germ. As a result, large proportions of the total grain zinc content are lost during milling; some examples of the content of zinc in grain and their milling products are shown in table 2. If the process of biofortification results primarily in increased amounts of zinc in the portions of the grain lost in milling, the benefits of the strategy may be more limited for those populations that consume milled grains. Efforts of breeders and plant scientists need to focus on increasing micronutrient content of the starchy portion of the grain (endosperm) to have maximum benefit for the widest range of populations.
On the other hand, milled grain products will have a lower content of phytate, the primary plant component that inhibits zinc absorption in humans. Therefore, although a lower amount of additional zinc may be achievable in the starchy endosperm, what is there will be more bioavailable. For example, using a recently published trivariate model for estimating zinc absorption from diets with varying levels of zinc and phytate [14] , Hambidge and colleagues [6] predicted that the same amount of additional zinc would be absorbed from biofortified wheat flour whether it was whole or of 85% extraction, based on biofortified and control wheat produced in Mexico by the Center for the Improvement of Maize and Wheat (CIMMyT). A human study of zinc absorption using these wheat products is in progress to verify the predictions.
Strategies for reducing the phytate content of zincbiofortified cereal grains may help to increase their impact on zinc intake adequacy. Induced mutations in several crops, including maize, wheat, and barley, have led to varying degrees of decrease in grain phytate content [24] [25] [26] . Although an increase in zinc absorption with decreased phytate content of maize from such mutants was well demonstrated among US adults [27] , the increase in the amount of absorbed zinc following the longer-term consumption of the reduced-phytate maize mutants consumed with typical diets was not significantly greater than that for diets with the wildtype control maize or a local maize variety with a naturally higher zinc content [15] . The long-term effects of reduced phytate intake on zinc absorption and excretion should be reassessed in further studies. Some of the low-phytate mutant crops were shown to have reduced yields [24] , and this would need to be overcome in order for these mutants to be further tested and released as varieties.
Other factors that may alter the efficacy of zincbiofortified wheat include any of those that limit the ability of individuals to maintain zinc homeostasis [4] . For example, potentially common conditions, such as frequent diarrhea, intestinal parasitic infections, or tropical enteropathy characterized by increased intestinal permeability [28, 29] , could lead to increased intestinal losses of endogenous zinc [30] and hence increased requirements for dietary zinc. Such factors could therefore limit the benefit of any food-based intervention, including zinc fortification. It is uncertain to what extent poor intestinal health caused by any of those conditions may affect zinc absorption and zinc homeostasis [4] ; research in this area is needed. S177 Improving zinc status through biofortification
Section 3
Can biofortified staple foods improve population zinc status and associated health outcomes?
Conclusions
There is no direct evidence yet available to demonstrate whether or not zinc-biofortified staple foods can have an impact on zinc status and associated health outcomes.
Detailed review of the evidence
The availability of zinc-biofortified staple crops is still limited, and thus randomized, controlled efficacy trials of their impact on zinc status and associated health outcomes have not yet been conducted [3] . The first of such trials are expected to be conducted within the next 3 to 5 years.
Section 4
What are the risks of consuming zinc-biofortified foods?
Conclusions
At the modest, physiological levels of increased zinc content presently achievable through biofortification, it is unlikely that there is any substantial risk of toxic intakes of zinc as a result of biofortification. It is also unlikely that an increased zinc content of staple foods would result in changes to their organoleptic qualities that could lead to rejection of biofortified varieties that might be introduced.
Detailed review of the evidence
The increased content of endogenous zinc in staple foods is not expected to cause any changes to the color, texture, or organoleptic qualities of these foods, and therefore the additional zinc may be considered as "invisible" to the population [21] . This is in contrast to biofortification with provitamin A, which causes distinct changes in color and other organoleptic properties. Nonetheless, high-zinc lines in many cases will need to be backcrossed into local or improved varieties in order to maintain all of the locally preferred agronomic and organoleptic qualities of the crop [31] . Ultimately, the preferences of farmers and consumers need to be addressed when new varieties are to be released.
As described above in relation to assessing the appropriateness of different target increments in the zinc content of staple foods, simulations based on existing dietary intake data can be used to estimate the impact of biofortification on the prevalence of intakes that might exceed the upper limit for zinc. The simulation model using data from the National Nutrition Survey of Mexico of 1999 [7] predicted that only 3% and 0% of preschool children and women, respectively, would have total zinc intakes exceeding the proposed upper limit for zinc [4] after the biofortification of maize. Nonetheless, to fully assess the prevalence of high zinc intakes in a population, it also would be necessary to conduct similar modeling for other subgroups, such as adolescent boys and adult men, because their intakes of staple foods are usually higher than those of women and preschool children, and hence they are more likely to achieve levels of zinc intake that could exceed the upper limits. Ultimately, direct studies of the potential toxicity of zinc biofortification, such as through assessment of the effect of excess zinc on copper status, would be necessary to confirm the true risk of toxicity; the upper limits for zinc intakes were derived from studies of zinc intakes from supplements and may not be relevant to intakes of zinc from food sources [4] .
